
Introduction
Studies from our laboratory and from others have
shown that defects in the human µ heavy chain gene
can cause profound hypogammaglobulinemia and fail-
ure in B cell development (1, 2). However, the relative
incidence of this disorder, the spectrum of mutations
that can be identified, and the clinical findings in
affected patients have not been well defined.

The immunoglobulin heavy chain gene is encoded in
a highly complex, polymorphic locus at the telomeric
end of chromosome 14q32.2. The locus consists of four
separate families of gene segments, VH, DH, JH, and CH

genes. Each of these gene families has multiple mem-
bers that presumably arose by gene duplication, fol-
lowed by extensive diversification. Immediately adjacent
to the telomere of the long arm of chromosome 14 there
is a 1,000-kb stretch of DNA containing 80–123 VH seg-
ments, depending on the haplotype. Each VH region
has its own promoter and leader sequence (3–6). How-
ever, approximately half of the VH genes are pseudo-
genes that have defective promoters, heptamer-non-
amer recognition sequences, or frameshift mutations
(6). The VH region is followed by a 75-kb fragment of
DNA containing a series of 25–30 DH genes (7). These
DH genes can be divided into five tandem repeats of a
gene cassette containing six DH genes (8, 9). Down-
stream of the DH region is a 20-kb fragment that
encodes six JH gene segments and a powerful lineage-
specific enhancer. The last family of gene segments con-
sists of the constant region genes, which in the human
are separated into three clusters. The first cluster
includes the genes for µ and δ; the second, which is 80
kb downstream of the µ heavy chain, includes γ3, γ1, ψε,
and α1; and the third, which is 250 kb downstream of
the µ chain, includes γ2, γ4, ε, and α2 (10–12).
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It has been recognized for many years that the
immunoglobulin locus is polymorphic. Some of the
antisera that were developed to IgG and IgA subclasses
were specific for polymorphic variants within the cod-
ing regions for γ1, γ2, γ3, γ4, and α2 (13–15). Later stud-
ies using Southern blot analysis showed that a DNA
probe from the µ heavy chain switch region cross-
hybridizes to switch regions from ε and the α subclass-
es and reveals multiple polymorphic variants (16).
Deletions or duplications within both the VH region
and the constant region clusters of genes are relatively
common, occurring in 20–40% of individuals (3, 5,
17–21). There is also evidence for extensive allelic vari-
ation in the JH regions of the immunoglobulin locus
(22). However, polymorphisms within the µ heavy
chain gene have not been well described.

The µ heavy chain constant region gene, which is
spread over 5 kb, consists of six exons; the first four
exons encode the secreted form of the µ heavy chain.
Within the 3′ end of the fourth exon there is an alter-
native splice site sequence that can be used to join the
last two exons of the gene to allow the production of
the membrane form of the µ heavy chain (23). We have
previously identified three families with µ heavy chain
deficiency (1). One family had a point mutation at the
alternative splice site, another had a large deletion that
included the DH and the JH genes and the µ heavy
chain constant region gene, and a third had an amino
acid substitution on one allele and a large deletion on
the other allele. Meffre et al. have described two
patients with µ heavy chain deficiency (2). One had a
homozygous frameshift mutation in the first exon of
the µ heavy chain, and the other had a deletion that
included the JH genes, the µ and δ segment, and the
cluster of genes encoding γ3, γ1, ψε, and α1. In the cur-
rent study, we determined the approximate frequency
of defects in the µ heavy chain, and we have identified
a mutational hot spot.

Methods
Patients. Blood or DNA samples from the patients
included in this study were referred to our laboratory
for analysis of the genetic causes of defects in B cell
development. The referring physician was asked to com-
plete a clinical survey at the time the blood or DNA was
obtained for molecular studies. The members of F1, F2,
F3 (1), and F5 (patient RJ in ref. 24) have been described
previously. The referring physician was contacted to
obtain follow-up information about the clinical course
in patients with proven mutations in the µ heavy chain.

Mutation analysis. Single-strand conformation poly-
morphism (SSCP) analysis was performed as described
previously using the primer pairs shown in Table 1 (1, 25).
Primers permitting the analysis of the region 3′ of µ heavy
chain are also included in Table 1. Unless otherwise
noted, all of the reactions were performed under the fol-
lowing PCR conditions: 95°C for 5 minutes followed by
30 cycles of 95°C for 30 seconds, 56°C for 30 seconds,
72°C for 30 seconds with a final extension at 72°C for 5
minutes. Four of the reactions were digested with restric-
tion enzymes to achieve a fragment length appropriate
for SSCP analysis (26). Fragments demonstrating abnor-
mal migration were amplified by PCR, cloned, and
sequenced. Each mutation was confirmed using a second
independent PCR reaction. The probes used in Southern
blot analysis have been described previously (1).

The sequence was compared with the reported
sequence for human µ and δ constant region, accession
number X57331. Because the variable region of an
immunoglobulin varies in length, the codon assign-
ment was based on designating the first codon of the
CH1 domain of the µ heavy chain as the first codon.
This differs from our previous publication (1).

Results
DNA samples from 40 patients with early onset
hypogammaglobulinemia and absent B cells and from
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Table 1
Primers used to analyze µ heavy chain locus

Exon Sense Antisense Enzyme Size (bp)

1aA 5′-ACTCAGAACGCCACTCAG-3′ 5′-TGAGGTGGCTGCGTACTT-3′ EcoRI 162 + 129
1bB 5′-CTTCCCATCAGTCCTGAG-3′ 5′-ACGAAGACGCTCACTTTG-3′ HaeIII 157 + 118
2a 5′-ACTGCAGTGATTGCTGAG-3′ 5′-AGTGTGCTGGTCACCTTG-3′ 238
2bC 5′-GCTGAGGCCAAAGAGTCT-3′ 5′-AGTGGACCCCTGTGTGTC-3′ 204
3a 5′-CAGAGGCAGTTGCTACTC-3′ 5′-TCACAGCTTCGCCATTCT-3′ 241
3b 5′-ATGACAGCGTGACCATCT-3′ 5′-TCTCCCCGGAATTCCAGT-3′ 144
3c 5′-CAATGCCACTTTCAGCGC-3′ 5′-AGGGGTGCTTTCCACCATG-3′ 215
4a 5′-CATGGTGGAAAGCACCCCT-3′ 5′-TGGCAGCAAGTAGACATC-3′ 156
4b 5′-CTCACCACCATCTCTGTT-3′ 5′-GGTCACATACTTCTCCGG-3′ 192
4c 5′-TCTTCGTGCAGTGGATGC-3′ 5′-GGTTTACCGGTGGACTTG-3′ 225
4d 5′-CAACAGGGTCACCGAGAGG-3′ 5′-GCACTCAGGACCAGTATC-3′ 242
5 5′-CTGCACTTGCTCTCCCCA-3′ 5′-CTGTTGGGATCATTTCAC-3′ RsaI 210 + 152
6A 5′-CGTCACCTTGTTCAAG-3′ 5′-CAGGGCAACAAGCGTATAC-3′ MboI 230 + 194
3′ of µ heavy chain
40 kb 5′-GGGGCAGAAACATCTGTTTCC-3′ 5′-CCCAATTCCGTTTTGAGG-3′ 370
60 kb 5′-CACCTATGTGAGCCACTGGA-3′ 5′-CATGGGATTGCCTTCTTGG-3′ 560

AAnnealing temperature was 60°C. B40 cycles were used for this reaction. CAnnealing temperature was 59°C.



a group of normal controls were analyzed by SSCP for
alterations in the µ heavy chain. Patients from nine
unrelated, previously unstudied families with immun-
odeficiency were found to have absent PCR products or
altered migration of PCR products not seen in the con-
trols. By SSCP analysis, all of the patients appeared to
be homozygous for their alterations although only five
of the nine families had a known history of consan-
guinity. The aberrant exons were cloned and sequenced
and compared with the mutations detected previously
in our laboratory. Table 2 shows the mutations report-
ed previously from our laboratory (families 1–3) and
those found in this study (families 4–12). The pedigrees
of the families with known consanguinity or more than
one affected child are shown in Figure 1. Six of the 12
families had an identical G→A base pair substitution
in codon 433 at the –1 position of the alternative splice
site required for production of the membrane form of
µ heavy chain (Figure 2). In addition, this alteration
would change the glycine at this codon to serine in the
secreted form of µ heavy chain and the positively
charged lysine to the negatively charged glutamic acid
in the membrane form of the molecule.

Two Spanish families were found to have an identical
2-bp deletion, an AA deletion, at codon 168 in exon 2.
This mutation would result in a frameshift and a pre-
mature stop codon. Two Turkish families living in Ger-
many were homozygous for large deletions within the
µ heavy chain locus; however, the deletions were not
identical. In both families, the deletion included a large
segment of the D region genes; however, in one family
the deletion ended between the membrane exons of µ
heavy chain and the δ constant region exons. In the

other family, PCR analysis of the regions 3′ of µ heavy
chain showed that genomic DNA encoding δ constant
region gene and a region 40 kb 3′ of µ heavy chain were
absent, whereas DNA for a region 60 kb 3′ of µ heavy
chain and the coding sequence for γ3 constant region
gene were present, indicating that the deletion ended
approximately 50 kb downstream of µ and δ.

In two families, the affected patient was a compound
heterozygote with a deletion on one allele and a single
base pair substitution on the other. A two-year-old girl
from Argentina (F10-1) had a G→A substitution,
resulting in the replacement of the wild-type trypto-
phan with a premature stop codon at amino acid 258
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Table 2
Mutations in µ heavy chain

Family number Nationality Exon Codon Change Effect

F1 USA 4 433 G→A splice defect
F2 Turkish 75-kb deletion
F3 USA/Korean 4 412 T→G Cys→Gly

second allele 300-kb deletion
F4 USA 4 433 G→A splice defect
F5 Swedish 4 433 G→A splice defect
F6 Spanish 2 168 AA del frameshift
F7 Turkish 125-kb deletion
F8 Spanish 4 433 G→A splice defect
F9 Spanish 2 168 AA del frameshift
F10 Argentinian 3 258 G→A premature stop

second allele 40-kb deletion
F11 Italian 4 433 G→A splice defect
F12 Italian 4 433 G→A splice defect

Figure 1
The pedigrees of the families with known consanguinity or more than
one affected family member are shown. Males and females are indi-
cated with squares and circles respectively. A line is drawn through
the symbol for an individual who is no longer living.



in exon 3 on the paternally derived allele. By SSCP
analysis, this alteration was not seen in the maternal
DNA sample. However, when the maternal DNA was
analyzed by Southern blot, probes for the µ constant
region revealed bands that were 50% decreased in inten-
sity compared with the bands from control DNA, sug-
gesting a deletion at this site. The bands for VH6 and
IgG3 were present at normal intensity in this DNA
sample. Previously, we described an American/Korean
male with a T→G transition at codon 412 in exon 4 of
the µ heavy chain (1). This alteration changes the
invariant cysteine required for the intradomain disul-
fide bond to a glycine. DNA samples from the patient
and his father were analyzed by Southern blot with
probes for µ, VH6, γ3, and the ε switch region. The
bands hybridizing to probes for VH6, µ, and γ3 showed
a 50% decrease in intensity. The ε switch probe demon-
strated a normal band and a band with altered migra-
tion, indicating that the 3′ end of the deletion was
between the gene for γ2 and the gene for ε.

A variety of polymorphic variants were seen in the
controls and the patient population as shown in Table
3. Most of these alterations occurred outside the cod-
ing region or did not result in a change in the amino
acid sequence. The reference sequence used as the basis
of comparison for this experiment, accession number
X57331, had two alterations (a T insertion at +138 in
intron 3 and a G deletion at the +78 position in the 3′
untranslated region) that were not seen in ten patients
that we analyzed or in other sequences in the Human
Genome Data base (NT_010168.7). Therefore, these
alterations are likely to be rare polymorphisms or
sequencing errors in the reported sequence.

The amino acid substitutions that were found at
codons 76, 190, and 214 were seen in controls as well as
patients. Furthermore, the amino acids at these sites
are not conserved in murine µ heavy chain. The aspar-
tic acid→asparagine substitution at codon 35 was seen
as a heterozygous alteration in a B cell–deficient
patient from Germany. However, this amino acid is not

conserved in the murine µ heavy chain sequence, and
the patient did not have any other detectable abnor-
malities in the µ heavy chain, suggesting that this is a
polymorphic variant rather than a mutation. The alter-
ation in codon 219 was seen in a single healthy control;
the threonine at this site is conserved in the murine µ
heavy chain. All five of these amino acid substitutions
are located in the loops that link the conserved beta
strands that form the immunoglobulin domains and
therefore would not be expected to have a functional
significance. There was some evidence for linkage dise-
quilibrium. For example, both the C→T substitution
at the –52 position in the 5′ intron and the amino acid
substitution at codon 190 occurred almost exclusively
on the allele demonstrating the T→C substitution at
–66 in the intron 5′ of exon 1.

The occurrence of the mutation at the alternative splice
site in patients from several different countries could be
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Figure 2
Schematic diagram of the µ heavy chain gene. The exons common to the membrane and secretory form of µ heavy chain are shown in open
boxes, the 3′ segment of the secretory form of µ heavy chain is shown as a hatched pattern, and the two exons that form the membrane
exons are shown in filled boxes. The mutations are shown above the gene, and the polymorphic sites are shown below the gene with aster-
isks. The polymorphic sites that were used to define the haplotypes in patients with shared mutations are marked with a filled circle.

Table 3
Polymorphic variants in µ heavy chain

Region Site Change Effect Frequency
of the gene

5′ intron –66 T→C no change 118/214
5′ intron –52 C→T no change 3/214
Exon 1 codon 20 ACG→ACA no change 1/214
Exon 1 codon 35 GAC→AAC D35N 1/214
Exon 1 codon 76 GAC→GAG D76E 6/262
Exon 2 codon 106 GCT→GCC no change 22/56
Exon 2 codon 190 AGC→GGC S190G 15/222
Exon 2 codon 214 GTC→GGC V214G 9/222
Exon 3 codon 219 ACA→ATA T219I 1/266
Exon 3 codon 226 ATC→ATT no change 3/266
Exon 3 codon 280 ATC→ACC no change 3/262
Intron 4 +30 G→A no change 1/42
Intron 5 +138 G→A no change 16/21
3′ UT +50 T→A no change 36/90
3′ UT +155 C→G no change 6/90
3′ UT +175 A→C no change 2/90



attributed to shared ancestry or to a recurrent mutation.
To examine this question we determined the polymor-
phic variants of the µ heavy chain associated with the
mutation in each family. In addition, we used two highly
polymorphic short tandem repeats located 2.5 and 3 Mb
centromeric to µ heavy chain, D14S1010 and D14S118,
to evaluate the extent of the shared haplotype. There was
known consanguinity in families 1, 4, 5, 6, 9 and 12; there-
fore, the affected patients in these families were expected
to be homozygous for the polymorphic variants within
the gene (Table 4). Of interest, in two families, F5 and
F12, the parents of the affected patients were first
cousins, yet a crossover between D14S1010 and D14S118
could be shown in both families. A high incidence of
recombination at the 3′ end of the immunoglobulin
locus has been reported previously (12).

There was no known consanguinity in family 11, and
the affected girl in this family inherited two different
immunoglobulin haplotypes bearing the alternative
splice defect. Families 1 and 4, who were from the same
area of the United States, shared a 2.5-Mb segment of
DNA, suggesting that they had an ancestor in common.
These two families differed at several sites from the
members of F5 and F8. The affected patients in F5 and
F8 both had the variant allele at the polymorphic site 66
bp upstream of exon 1, but differed from each other at
the variant seen 50-bp downstream of the stop codon in
the membrane form of µ heavy chain. In summary, at
least three different immunoglobulin haplotypes bear-
ing the alternative splice defect could be identified, indi-
cating that this is a recurrent mutation. The alternative
splice site defect does occur at a CpG dinucleotide, a
sequence that is known to be highly vulnerable to muta-
tion. By contrast the two Spanish families with the AA
deletion in exon 2 shared identical immunoglobulin
polymorphic markers, including the unusual variant
155 bp downstream of the stop codon in the membrane
form of the µ heavy chain, indicating that these patients
inherited their defect from a shared ancestor.

A total of 19 patients with defects in the µ heavy chain
were identified (Table 5), eight females and 11 males.
Fourteen of the patients are living and are currently 2–53
years old. The mutation in the µ heavy chain was docu-
mented in three of the remaining patients (F2-2, F4-1,
and F12-1) and presumed in two patients who died of
infections typical of agammaglobulinemia (F1-1 and
F12-2). All of the patients had the onset of recurrent
infections in the first year of life. The oldest patient, 
F5-1, was born before Bruton’s description of congenital
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Table 4
Immunoglobulin haplotypes in patients with shared mutations

5′ intron exon 2 3′ UT 3′ UT D14S D14S
–66 codon 106 +50 +155 1010 118

Codon 433 G→A

F1 T/T T/T T/T C/C C/C 5/5
F4 T/T T/T T/T C/C C/C 4/4
F5 C/C C/C T/T C/C D/D 1/4
F8 C/C C/C A/A C/C B/B 2/2
F11 C/T C/T T/T C/C A/G 3/7
F12 T/T T/T T/T C/C B/B 1/3

Codon 168 AA del

F6 C/C T/T T/T G/G A/A 3/3
F9 C/C T/T T/T G/G A/A 3/3

Table 5
Clinical findings in patients with µ heavy chain deficiency

Patients

F1-1 F1-2 F1-3 F1-4 F2-1 F2-2 F3-1 F4-1 F5-1 F5-2 F6-1 F7-1 F8-1 F9-1 F10-1 F11-1 F12-1 F12-2 F12-3

Age at 9 6 12 1 7 6 20 12 48 28 16 18 8 7 14 14 8 6 6
diagnosis
(in months)
Current age 4A 22 11 10 8 4A 18 9A 53 49 3 2 4 17 2 12 3A 0.5A 8
(in years)
Significant + + + + + + +
enteroviral
infection
Pseudomonas + + + +
sepsis
Neutropenia + + + + + +
Boils or +
abscesses
Failure to thrive + + + +
Diarrhea + + + +
Pneumonia + + + + + + + + + +
Otitis + + + +
Conjunctivitis + + +
Sinusitis + + +
Arthritis + +
Bronchiectasis + + +

AAge at death in deceased patients.



agammaglobulinemia and was recognized to have
immunodeficiency at 4 years of age, in 1953 (24). His
cousin, F5-2, was born in 1953 and given the diagnosis of
agammaglobulinemia at 28 months of age of age in 1955.
One of the patients was evaluated as an infant because of
the known family history of immunodeficiency (F1-4).
The remaining 16 patients were recognized to have severe
hypogammaglobulinemia at a mean of 11 months of age.
By contrast, the mean age at diagnosis in patients with a
more common cause of agammaglobulinemia, Btk defi-
ciency, is 35 months (27).

The clinical findings in the patients with µ heavy
chain deficiency are typical of those seen in patients
with agammaglobulinemia, but tend to be weighted
toward the most severe manifestations. (Table 5). The
oldest patient, F5-1, was relatively well until about 2
years of age, when he developed recurrent rhinopharyn-
gitis, stomatitis, and gastroenteritis and was treated
with multiple courses of antibiotics. He was recognized
to have immunodeficiency and was started on gamma-
globulin replacement at 4 years of age after his first
pneumonia. He developed bronchiectasis during ado-
lescence and was on worker’s disability after 30 years of
age. He is currently an oxygen-dependent invalid. His
cousin, F5-2, had recurrent pharyngitis, otitis, and skin
infections as a small child. Since the initiation of gam-
maglobulin therapy at 2 years of age, he has had recur-
rent pneumonias and severe blepharoconjunctivitis
resulting in some vision loss; however, he has not been
hospitalized for infection in the last 25 years.

Seven of the 19 patients had signs and symptoms of
significant enteroviral infections. Two patients, F3-1
and F11-1, were recognized to have immunodeficiency
when they developed paralysis typical of polio shortly
after receiving live polio vaccine. Both patients are cur-
rently relatively well but have residual weakness. Loss
of developmental milestones attributed to chronic
enteroviral encephalitis was seen in F1-1, F1-2, F4-1,
F10-1, and F12-1 and was the cause of death in F1-1,
F4-1, and F12-1. Echovirus 7 was cultured from the
cerebrospinal fluid (CSF) from F1-2 and from F10-1,
and an unspecified enterovirus was cultured from the
stool of F1-1. CSF cultures and PCR were negative for
enterovirus in F4-1 and were not evaluated in F12-1.

Four of the patients were evaluated for immunodefi-
ciency when they developed Pseudomonas sepsis. Infec-
tions with this organism were not seen after the
patients began gammaglobulin replacement therapy.
Neutropenia was also common at the time of diagno-
sis, but was rarely seen after initiation of therapy. As
noted in Table 5, pneumonia, sinusitis, and conjunc-
tivitis were common in the patients with µ heavy chain
deficiency. However, most of the patients were relative-
ly well after gammaglobulin treatment was initiated.

Discussion
Eight different mutations in the µ heavy chain were
identified in the 12 families included in this study. Four
of the mutations were large deletions that removed the

DH, JH, and enhancer regions as well as the µ heavy
chain constant region gene. A single base pair substitu-
tion resulting in a premature stop codon in exon 3 was
seen on one allele in one family; a single base pair alter-
ation causing the replacement of an invariant cysteine
with glycine in exon 4 was seen on one allele in another
family. A 2-bp deletion in exon 2 was seen as a homozy-
gous defect in two unrelated Spanish families who are
likely to have a common ancestor based on im-
munoglobulin haplotype analysis. The last mutation, a
single base pair substitution at the –1 position of the
alternative splice site in exon 4, was seen as a homozy-
gous alteration in six of the 12 families in this study.
This mutation was seen in patients from several differ-
ent countries, and it was seen on three different
immunoglobulin haplotypes, indicating that this is a
recurrent mutation. The alternative splice site mutation
destroys an MspI site in the exon 4d PCR product;
therefore, a single PCR reaction, followed by MspI diges-
tion, can function as a rapid screening test that identi-
fies over 50% of the patients with defects in µ heavy
chain because it detects patients with homozygous dele-
tions, as well as patients with the recurrent splice defect.

It is not always easy to distinguish polymorphic vari-
ants from mutations. In this study we identified 16 sin-
gle nucleotide polymorphisms within the µ heavy chain
constant gene. Five of the 16 variants that we observed
are associated with amino acid substitutions. One of
these amino acid substitutions, the aspartic acid→as-
paragine at codon 35, was seen a single time as a het-
erozygous alteration in a patient with a defect in B cell
development. This alteration may be a mutation with
deleterious consequences; however, the fact that this
amino acid substitution, like the other four amino acid
substitutions, occurs in one of the relatively noncon-
served loops that link the conserved beta strands of the
immunoglobulin domain makes this unlikely. Fur-
thermore, the alterations at codons 35, 76, 190, and
214 are at sites that are not conserved in murine µ
heavy chain. Murine and human µ heavy chain con-
stant region share only 62% identity in amino acid
sequence, consistent with the idea that there is toler-
ance for a great deal of variability within the loops that
link the seven beta strands.

When compared with the more common genetic
immunodeficiency, X-linked agammaglobulinemia
(XLA), patients with mutations in the µ heavy chain are
more likely to have an earlier onset of disease, and they
tend to have more severe complications of their disease.
This can be explained, at least in part, by the fact that
mutations in Btk, the abnormal gene in XLA, result in
a leaky block in B cell development, whereas the µ heavy
chain defect results in a complete block. Almost all
patients with XLA do have a small number of B cells and
some IgG in the peripheral circulation (28, 29). It is like-
ly that the small amount of immunoglobulin that can
be found in the serum of patients with XLA provides
some clinical benefit. Whether this benefit is due to the
antigen-binding regions or the nonspecific Fc portion
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of the immunoglobulin is not clear. It should be noted
that the oldest patient in this series, a 53-year-old man,
survived until 4 years of age with frequent courses of
antibiotics but without gammaglobulin replacement.
He has survived longer than most patients with XLA
who were born in the same era. In the last 20 years, the
majority of the patients with µ heavy chain deficiency
have been treated with intravenous gammaglobulin and
they have not had life-threatening problems after diag-
nosis when compliance with therapy was good.

Defects in the µ heavy chain are sufficiently rare to
make it difficult to determine the exact frequency of
the disorder; however, comparison with a more com-
mon genetic immunodeficiency, XLA, is informative.
Mutations in the cytoplasmic tyrosine kinase Btk can
be identified in 90–95% of males who have the charac-
teristic findings of XLA: early onset of infections, pro-
found hypogammaglobulinemia, and a marked reduc-
tion in the number of peripheral blood B cells (30). In
addition, about 10% of the patients with the character-
istic findings of XLA are females (31). Taken together,
these findings suggest that approximately 15% of
patients with defects in B cell development have an
autosomal recessive or multifactorial cause of their dis-
ease. Our analysis of patients with defects in early B cell
development but normal Btk, indicate that 20–30% of
these patients (9 of 40 unrelated families) have muta-
tions in the coding regions of the µ heavy constant
region gene. Because the immunoglobulin heavy chain
locus is complex, it is possible that additional patients
have mutations at this locus that are not detected by
our screening assay. Single patients with defects in B
cell development and mutations in λ5, Igα, or BLNK
have been identified (32–34), but in 50–60% of the
remaining affected patients the nature of the underly-
ing defect remains unknown.
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